In contrast with the large diesel engine fuel system operational condition complexity, the chaotic fractal characteristics in the combustion process of the diesel engine fuel system are systematically analyzed. Then, based on chaotic fractal method, an effective fault diagnosis method is further proposed. And under the two kinds of typical failure modes, the two important characteristic parameters variation trend for chaotic system, namely, correlation dimensions and the calculation methods of the maximum Lyapunov exponent are discussed. On the process of chaotic parameters calculation the wavelet noise reduction method is used to handle the original signal to conquer the linear scaling region properly. The results show that the maximum Lyapunov exponent method is a more effective method on the diesel engine fuel system fault diagnosis than the correlation dimension method, which can be further used in health condition assessment for this type fuel engine.
Introduction
The engine combustion process is a complex process. The process can be defined as several development stages, and the degree of combustion of each stage is different. The prior stage is the preparation and foundation of the follow-up stage, which is also influenced by the development of the later stage. From the acoustic point of view, the vibration characteristics of each stage corresponded to the different stages, and under the influence of prior and later vibration signal the components of vibration signal are increasingly complex. 1 Furthermore, within the filtering effect on delivery channel of engine vibration signal and the dissipation and reverberation effect on delivery channel of elastic wave, the vibration ignition transient reflected form of explosive power is quite complex, so the traditional method has the limitation on the analysis of the engine vibration signal.
The engine combustion process has the character of hierarchy and self-similarity. As an operational cycle of engine, the combustion process of the fuel in the cylinder is in an instant conversion process from chemical energy into heat energy. This is the first level of awareness in the combustion process. The traditional method using vibration signal to study the process of the engine combustion is based on this level. If we see the combustion process as a whole, the whole combustion process can be seen as the composition of several secondary combustion processes occurring at different times and different regions. This is the second level of awareness in the combustion process. Based on this point, the typical four-phase method is introduced to analyze the combustion process. Moreover, each of the inferior combustion process can also be seen as the combined action of several subordinate combustion processes with similar property and shape. This is the third level of awareness in the combustion process. And so forth, the combustion process can be distinguished with more inferior scales. From this point of view, the combustion process is similar with the self-similarity feature of fractal chaos. Therefore, the self-similarity fractal feature of the combustion process which is reflected by the acoustic signal can be used in fault diagnosis. As we know, in order to realize the fault diagnosis on complicated system, some critical variable should be separately introduced to be monitored. The variation tendency of the critical variable can be used to analyze the complicated system. But in the real condition, the critical variables in the complicated system are influenced by each other. It is a hard work for us to extract the critical variables separately to implement on monitoring. The fuel engine is such a complicated system. As we know, the effectiveness of the combustion is influenced by many factors such as air admission, oil admission, reduction ratio, injection pressure, fuel supply angle, etc. Even now, no independent variables for the process of combustion are admitted officially. There are two reasons. On the one hand, it is difficult to extract the critical variable from the complicated system. And on the other hand, the accuracy is queried when extracting the critical variable to ignore the influence of the other critical variable. So the traditional linear method to fault diagnosis on the engine is difficult to realize. Then, we can use the fractal method to analyze the vibration signal, which is the combined action of all critical variables. If the time series of the vibration signal is provided with the chaotic character, the chaotic method can be used to analyze the time series.
Due to the nonlinear character of the diesel engine fuel system, especially when estimating the failure of the system, two classes of chaotic methods have been used to diagnose. One method is using Duffing oscillator to weak signal detection. The method based on Duffing oscillator has been used to diagnose the gearbox fault. 3 The other method is using the chaotic character extraction of fault systems such as Lyapunov exponent and correlation dimension (CD). 4, 5 There are various methods used to calculate the character of chaos system. Tan et al. 6 show that there are fractal and chaos features in the denoising vehicle engine vibration system and the CD can be used as the efficient diagnosis of potential vibration fault from the vehicle diesel engine. Ma et al. 7 analyzed the chaotic vibration signal among aero engine; the vibration signals are separated by means of fast independent component analysis (ICA) blind source separation, and the chaos is detected via a power spectrum and Lyapunov exponent based on the characteristics of chaos. Wu et al. 8 10 proposed an extending method based on Lyapunov exponent forecasting model which is effective in fault diagnosis of rotating machinery, and the results demonstrate that boundary effects can be controlled effectively and faults can be recognized exactly. Wang et al. 11 separately calculated the nonlinear multiparameters of the CD, Lyapunov exponent, complexity, and approximate entropy which are applied in the research of the fault diagnosis of rotating machines. Studies show that the fault type is different, nonlinearity is significantly different, which verifies that the nonlinear feature quantities are effective parameters for fault information, and thus a more effective way is provided for studying the fault diagnosis of complexity rotating machinery.
In this paper, we focus on the F3L912 fuel engine, and the vibration acceleration signal of cylinder cover is monitored. The specified chaotic fractal method is introduced, and the effectiveness of the method is testified by the simulation data. Then, the original signal of the engine is tested in the method. Because of the impact of noise, the linear scaleless range can be found clearly. The wavelet denoise method is introduced to decrease the impact of noise. Two classes of fault mode are introduced to diagnose by calculating the CD and the maximum Lyapunov exponent. The result shows that the CD method cannot be used to fault diagnose, while the maximum Lyapunov exponent method can diagnose the engine effectively.
The sections of the paper are organized as follows. ''Introduction'' section describes that the vibration signal has the chaotic character from qualitative analysis of the combustion process. This is the foundation of our study. In ''Phase space reconstruction on chaotic time series'' section, in order to study the chaotic character of the monitored time series, we need to use phase space reconstruction method to reveal the dynamic information. The proper embedded dimension and time delay take direct effect on the quality of phase space reconstruction. In ''The experiment data collection and pretreament'' section, we introduced a proper noise reduction method. The feature extraction is made on the reconstructed time series and the results are given in ''Analyses of the diesel engine fuel system fault vibration signal'' section. The final section is the conclusion.
Phase space reconstruction on chaotic time series
As the chaotic time series conceal the dynamic information of chaotic system and the phase space reconstruction method can reveal the dynamic information, we can reconstruct the chaotic oscillator which depicts the trajectory of the chaotic system. 12 That is to say, proper reconstructed chaotic oscillator can regain the chaotic system as accurate as possible. From this point, if the engine is a specific chaotic system, the vibration signal monitored by the engine is also the signal with the characteristic of chaos, and the time series of signal includes all information in the engine. Then, we can reconstruct a new time series including all important information, and the analysis of the reconstructed time series can be used to realize the fault diagnosis.
Let {x(t)jt ¼ 1, 2, . . . , N} be the observed time series. According to Packard et al. 13 and Takens et al., 14 based on the selected embedded dimension m and the time delay , we can reconstruct the phase space as follows
According to Taken's theorem, 14 the embedded dimension m and the time delay are the basic parameters of the constructed phase space. There are two different points on the two parameters calculation. One point is that the two parameters are irrelevant to each other and the value of the parameters can be calculated separately. The time delay can be calculated by mutual information method or autocorrelation method, and the embedded dimension m can be calculated by the false nearest neighbors method or G-P method. The other point is that the two parameters are relevant to each other; the two parameters can be calculated simultaneously by the embedded window method or the C-C method proposed by H.S. Kim. Compared with the embedded window method and the C-C method, the amount of computation in the C-C method is less than the embedded window method, and so it is easier to be implemented on the engineering. Takens et al. 14 assume that we have an infinite noise-free dataset, in which case, we can arbitrarily choose the time delay . However, as real datasets are finite and noisy, the choice of the time delay plays an important role in the reconstruction of the oscillator from the scalar time series. If is too small, the reconstructed oscillator is compressed along the identity line which is called redundancy. If is too large, the attractor dynamics may become causally disconnected which is called irrelevance.
CD
The CD can be obtained by the correlation integral function, i.e.
where C(r) denotes the CD of the data and M ¼ N -(m -1) denotes the number of points in the phase space. H(u) denotes Heaviside function and it can be defined as
r denotes the radius of phase space ball; kX i -X j k denotes the Euclidean distance of the vector X i and X j and it can be defined as
The correlation integral function C(r) is defined as the probability that the distance between the conjugate vector (X i and X j ) is not greater than r, and
where D 2 denotes the CD and it can be obtained by the following equation
In the calculation, we can let m in equation (1) change bigger until D 2 is invariant, namely, the linear curve of the diagram In(C(r)) -In(r). Then, the least square method is used to calculate the slope of the linear curve D 2 .
The phase trajectory of Lorenz system is shown in Figure 1 . There are three invariants in the typical chaotic system, i.e. x, y, z. Among them, the time series curve of invariant y also includes the chaotic characteristic of the Lorenz system as shown in Figure 2 . Therefore, based on the above-mentioned method, we can get the CD by using the time series of invariant y. The process of calculation of the CD is shown in Figure 3 . In the figure, the slope of the curve In(C(r)) -In(r) labeled in the linear scaleless range is the CD.
In practice, the fault signal will be modulated by the noise, and the robustness of the maximum Lyapunov exponent calculation method must be considered. Because the Wolf method is not suitable for the noised time series and the real data are not enough to be obtained, the small data method is proposed in this paper. Furthermore, the Lyapunov exponent is sensitive to the time delay and embed dimension m, the C-C method is used to calculate both the time delay and embed dimension m simultaneously which is more accurate than calculating the two items separately. 
The maximum Lyapunov exponent
Rosenstein et al. 15 put forward to the small dataset method to calculate the LLE. This method can make full use of the usable data, besides it has the advantage of fast operation and easily implementation. The concrete procedure is shown as follows:
Step 1 Calculate the average period p of the time series {x(n)jn ¼ 1, 2, . . . , N} by Fast Fourier Transition method.
The time delay and embed dimension are accordance with C-C method as follows:
1. As in equation (2), the correlation integral function can be obtained as 
2. Let the time series t be misrelated subsidiary sequence, the length is Int(N/t), for any t, we have
Then, we can get the statistics amount of the subsidiary sequence
where C l denotes the correlation integral of the lth subsidiary sequence. 3. We can define the D value 
where Sˆ(t) denotes the average value of the statistics amount of the subsidiary sequence S(m, N, r j , t), the first minimum of ÁSˆ(t) corresponds with , the minimum value S cor (t) is the time delay window.
Step 2 In the phase space reconstruction, the algorithm locates the nearest neighbor of each point on the trajectory. The nearest neighbor X(j) is found by the way of searching for the point, namely minimizing the distance to the particular reference point X(j). This can be expressed as
where kk denotes the Euclidean norm and p denotes the mean period of the time series.
Step 3 For every reference point X(j ), we can calculate the ith time step dispersion distance d j (i) of the neighborhood point X(jˆ)
Step 4 Suppose the reference point X( j) and the nearest point X(jˆ) have the exponent divergence ratio 1 , so we can get
Step 5 Equation (15) is fetched In(Á) on both sides, we can get that
From equation (16) we can see that the curve i $ lnd j (i) satisfies the linear relation, the slope of the curve is 1 Át. So fix i, for all j corresponding with lnd j (i) seek the average and divide to Át, we can get y(i)
Ind j ðiÞ ð 17Þ
where q is held constant of d j (i).
Step 6
The linear region of the curve i $ y(i) is selected, and the slope of the curve is made by the least square method, which is the Largest Lyapunov exponent (LLE).
Then we take the Lorenz system, for example; Figure  4 shows the calculation method diagram of the LLE obtained by small data method. The core problem is to find the linear scaleless range as shown in Figure 5 ; the slope of the linear is the maximum Lyapunov exponent.
The experiment data collection and pretreament
A mechanical test bed in the RCM laboratory of Mechanical Engineering College is used in this research to validate the effectiveness of the proposed method in this paper. The engine investigated is F3L912 type of diesel engine, the vibration signal is collected by piezoelectric acceleration sensor which is installed on the cylinder head, and the rotation rate is collected by photoelectric speed sensor. The signal collection system is the system designed by NI company; the collected software is programmed by Labview software.
According to the need of experiment, two kinds of failures are implemented in the first diesel engine block with the engine idling: the one failure is fuel supply advances angle abnormalities, and the other failure is supplies pressure abnormalities. While the F3L912 type of diesel engine is in the normal circumstances, the fuel supply advance angle is 18
A and the injection pressure is 17 MPa. When the fuel supply advance angles are 12, 14, 16, 20, 22, 24, and 26 A and the injection pressures are 11, 13, 15, 19, and 21 MPa, the changes in the maximum Lyapunov exponents and the CD values can be used to analyze the relationship.
Because fuel system fault mainly affect the engine combustion, fuel injection system fault will result in abnormalities of the instantaneous pressure in the cylinder, and the exception will be led directly to the cylinder head on explosion pressure vibration response is abnormal, so we to cylinder head vibration signals as the main object of acquisition and analysis. Figure 6 shows the vibration acceleration diagram in normal state (the injection pressure is 17 MPa, the fuel supply advance angle is 18 A, and the rotation rate is 900 r/ min). Figure 7 shows the vibration acceleration diagram with injection pressure fault (the injection pressure is 11 MPa, the fuel supply advance angle is 18 A, and the rotation rate is 900 r/min).
Then, we can use the above-mentioned method to achieve the characteristic extraction. From the comparison with Figures 4 and 8 , we can see that it is hardly for us to locate the linear scaleless region as shown in Figure 9 . The disabled reason of the method is the noise. In fact, although the method can make noise reduction to some extent, the method is effective in white noise. From Figures 8 and 9 , we can see that we need a new method to reduce the noise reflection.
The frequency extent in the combustion process of the engine is 60 Hz-6 kHz. The low frequency range ( 300 Hz) reflects the engine maximum combustion pressure. The medial frequency range (300 Hz-2 kHz) reflects the rising rate of the engine maximum combustion pressure. The high frequency range (!2 kHz) reflects the maximum acceleration of the engine combustion pressure. The two kinds of abnormalities will result in the medial frequency range changing. Therefore, we choose the wavelet denoise method to make the noise reduction in the range of the frequency ( 300 Hz and !2 kHz). with Figures 8 and 12 , we can see that the fluctuant scope slow downs in the rising range by the wavelet denoise method which is shown in Figure 13 . Therefore, we can obtain the maximum Lyapunov exponent by the mean square least method as shown in Figure 14 .
Analyses of the diesel engine fuel system fault vibration signal CD analysis
The improved G-P method was introduced to calculate the CD valves with different injection pressures and four different speeds based upon the preliminary phase space reconstruction of the diesel engine fuel system fault vibration signal. The changes in the CD values with the injection pressure are shown in Figure  15 . From Figure 15 , we can see that (1) in the circumstance of injection pressure normal, the value of CD is added with enhancing the rotating speed. (2) In the same rotating speed, the changes of CD were not clearly between the normal and abnormal.
The same method was introduced to calculate the CD valves with fuel supply advance angle. The changes in the CD values with the injection pressure are shown in Figure 16 . From Figure 16 , we can see that (1) CD values have the tendency of improvement to the constant value by enhancing the rotating speed on the normal situation. (2) On the same level of rotating speed, the changes of CD were not clearly between the normal and abnormal.
In conclusion, CD values computed with the original signals cannot distinguish whether the diesel engine fuel system operates properly or not.
The maximum Lyapunov exponents analysis
The smaller dataset method was introduced to calculate the maximum Lyapunov exponents with different injection pressures and four different speeds based upon the preliminary phase space reconstruction of the diesel engine fuel system fault vibration signal. The changes in the maximum Lyapunov exponents with the injection pressure are shown in Figure 17 . From Figure 17 , we can see that (1) the maximum Lyapunov exponents with different injection pressure are the smallest in the proper situation (17 MPa). (2) In the proper situation (17 MPa), the maximum Lyapunov exponent will decrease with the enhancing of the rotating speed.
The same method was introduced to calculate the maximum Lyapunov exponents with fuel supply advance angle. The changes in the maximum Lyapunov exponents with the injection pressure are shown in Figure 18 . From Figure 18 , we can see that (1) the maximum Lyapunov exponent with different fuel supply advance angles is the smallest on the proper situation (18 CA). (2) The changing tendency of the maximum Lyapunov exponent with different fuel supply advance angles is similar with different rotation speeds.
Numerical analysis
Now we can distinguish between the normal signal and the fault signal by the above-mentioned analysis of the diesel engine fuel system fault vibration signal. Furthermore, we need to distinguish between the two kinds of abnormalities. We can use the numerical analysis to achieve the aim.
From Figure 19 , we can see that (1) the engine is in the normal state (the injection pressure is 17 MPa and the fuel supply advance angle is 18 CA). In this state, the mean value of the maximum Lyapunov exponent is 0.00020, and the mean variance is 5.236 Â 10
À10
. (2) The engine is in the fault mode 1 state (the injection pressure is 11 MPa and the fuel supply advance angle is 18 CA). In this state, the mean value of the maximum Lyapunov exponent is 0.00035, and the mean variance is 7.8919 Â 10 À6 . (3) The engine is in the fault mode 2 state (the injection pressure is 17 MPa and the fuel supply advance angle is 22 CA). In this state, the mean value of the maximum Lyapunov exponent is 0.00025, and the mean variance is 3.12 Â 10
À8
.
Conclusions
When the fuel supply advance angle and supply pressure operate improperly, the maximum Lyapunov exponents computed with the original signals have the tendency of improvement. And then it can be used to distinguish whether the diesel engine fuel system operates properly or not.
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